Abstract. The pharmacokinetic (PK) behavior of inhaled drugs is more complicated than that of other forms of administration. In particular, the effects of certain physiological (mucociliary clearance and differences in membrane properties in central and peripheral (C/P) areas of the lung), formulation (as it relates to drug deposition and particle dissolution rate), and patient-related factors (lung function; effects on C/P deposition ratio) affect the systemic PKs of inhaled drugs. The objectives of this project were (1) to describe a compartmental model that adequately describes the fate of inhaled corticosteroids (ICS) after administration while incorporating variability between and within subjects and (2) based upon the model, to provide a freely available tool for simulation of PK trials after ICS administration. This compartment model allows for mucociliary removal of undissolved particles from the lung, distinguishes between central and peripheral regions of the lung, and models drug entering the systemic circulation via the lung and the gastrointestinal tract. The PK simulation tool is provided as an extension package to the statistical software R ('ICSpkTS'). It allows simulation of PK trials for hypothetical ICS and of four commercially available ICS (budesonide, flunisolide, fluticasone propionate, and triamcinolone acetonide) in a parallel study design. Simulated PK data and parameters agreed well with literature data for all four ICS. The ICSpkTS package is especially suitable to explore the effect of changes in model parameters on PK behavior and can be easily adjusted for other inhaled drugs.
INTRODUCTION
Inhaled corticosteroids (ICS) are first-line medications for asthma treatment and a therapy option in the management of chronic obstructive pulmonary disease (1, 2) . A better understanding of pharmacokinetic (PK) properties that influence pulmonary selectivity of ICS has helped increase the efficacy and reduce systemic side effects of novel ICS (3, 4) . However, the effects of certain physiological, formulation, and patient-related factors on the systemic PKs of ICS remain poorly understood. For instance, changes in the lung physiology and anatomy during the course of a pulmonary disease affect the PK behavior of some ICS while that of others is unchanged (5, 6) . Similarly, the aerodynamic particle size distribution and regional lung deposition patterns (central-to-peripheral airways) affect the systemic PKs of some ICS but not that of others (7) . Differences in dissolution rates do not only affect the time to reach the maximum plasma concentration (t max ) and the maximum plasma concentration (C max ) but also the area under the plasma concentration time profile (AUC). Thus, the PK behavior of inhaled drugs is much more complicated than that of traditional forms of administration. Moreover, changes in formulation and delivery device and comparison of different ICS in the same device are often challenging.
Clinical trial simulation (8) is a powerful tool for evaluating the outcomes of clinical or PK studies in a time and cost-efficient way before resources are invested in conducting the actual studies. A trial simulation model generates realistic data by specifying a mathematical model that adequately describes the functional relationship between the variable of interest and time (deterministic part of the model; here, PK profile of ICS) and by incorporating variability between and within subjects (random part of the model). This project was interested in providing such a simulation tool that allows incorporation of relevant physiological and formulation factors into the model and is able to predict the effects of changes in such parameters on systemic PKs without having to perform actual PK studies.
A freely available tool for simulation of PK trials after administration of ICS is provided that enables the user to explore the relationship between certain physiological (e.g., differentiation between central and peripheral lung regions, different pulmonary absorption rates between central and peripheral lung regions (9, 10) , and presence of mucociliary clearance mechanism in central lung regions (11) ), formulation (e.g., aerodynamic particles size distribution of the aerosol determining regional lung deposition patterns and dissolution properties of the ICS), and patient-related factors (e.g., variability between and within subjects and differences in lung physiology between healthy subjects and patients) and the systemic PKs of ICS. The PK trial simulation tool is provided as an extension package ("Inhaled Corticosteroids Pharmacokinetic Trial Simulation" (ICSpkTS)) to the statistical software R (12) and is available for download via http://www.cop.ufl.edu/pc/research/areas-of-research/inhaledglucocorticoids/icspkts-r-extension/. The ICSpkTS package enables the users to simulate PK trials for any ICS (currently available or hypothetical) delivered via different inhalers and different physiological settings in healthy subjects or patients by allowing the users to specify their own model parameters. Furthermore, the ICSpkTS package contains specific modules for some of the commercially available ICS (budesonide (BUD), flunisolide (FLU), fluticasone propionate (FP), and triamcinolone acetonide (TA)).
This PK trial simulation tool for ICS represents an innovation compared with previously published ICS PK models (3) and deterministic ICS PK simulation tools (13) as it allows simulation of PK trials by integrating variability between and within subjects and distinguishes between central and peripheral regions of the lung.
This paper is structured as follows. First, a compartment model ( Fig. 1 ) that incorporates physiological, formulation, and patient-related factors of inhalation therapy (see above) is characterized. Second, a closed-form expression for the plasma concentration time profile after ICS administration is derived based upon the compartment model (deterministic part of the PK trial simulation model). The availability of a closed-form expression of the underlying mathematical model is beneficial for time-efficient simulation. Third, the structure of the random part of the PK trial simulation model (i.e., between-subject variability (BSV) and within-subject variability (WSV)) is specified. Fourth, literature estimates of model parameters (i.e., typical values and associated variability terms (BSV and WSV)) for the drug-specific modules of the PK trial simulation tool are summarized. Fifth, the performance of the drug-specific modules of the ICSpkTS package is checked by comparing model simulated plasma concentration time profiles to actual plasma concentration data and/or literature data following administration of BUD, FLU, FP, and TA. In the Discussion, possible applications, the practical relevance, and limitations of the ICSpkTS package are debated. In the Appendix, the structure and functions of the PK trial simulation tool and its modules are briefly explained by two hands-on examples. Figure 1 displays a compartment model that adequately describes the fate of an ICS by incorporating physiological and formulation-related aspects for inhalation therapy and patient factors. In detail, an inhaled drug particle, according to its aerodynamic particle size distribution, is deposited in the oropharynx (Dose Mouth ), is deposited in the lung (Dose Lung ), or is exhaled. The fraction of the emitted dose that is exhaled is negligible and was, thus, disregarded in the compartment model. It is pragmatic to distinguish the dose deposited in the lung into a fraction deposited in central lung regions and a fraction deposited in peripheral lung regions, given the impact of the physiological differences between the two regions on the fate of an inhaled drug (14) . Even though in vitro/in vivo correlation between aerodynamic particle size distribution and regional lung deposition patterns has been established infrequently if ever, it is widely accepted that larger particles are more likely to be deposited in the oropharynx and central lung regions and smaller particles are more likely to be deposited in peripheral lung regions (15) . Both central and peripheral lung regions were separated in one compartment where undissolved particles are present (LC 1 and LP 1 ) and one compartment where particles are in solution (LC 2 and LP 2 ). In detail, drug particles deposited in central lung regions (LC 1 ) are either cleared by the mucociliary clearance mechanism (k muc ) or will dissolve in the bronchial fluids (k diss ), pass through the pulmonary cells in the central lung regions (LC 2 ) and be absorbed into the systemic circulation (k pul,C ) (11) . Drug particles deposited in peripheral lung regions (LP 1 ) dissolve (k diss ), pass through the pulmonary cells in the peripheral lung regions (LP 2 ), and are absorbed into the systemic circulation (k pul,P ). The model allows explicitly for different absorption rate constants for drug absorption from the central and peripheral lung regions if this distinction is justified (9, 10) . The fraction of the drug that is deposited in the oropharynx and the fraction that is removed by mucociliary clearance will be swallowed and can be absorbed systemically (k a ) through the gastrointestinal tract (A) depending upon the oral bioavailability (F BA ) of the drug. The amount of drug that reaches the systemic circulation will be distributed throughout the body (k 12 and k 21 ) and eliminated (k 10 ) according to its PK properties. The model was parameterized in terms of CL and V C , where CL represents the systemic clearance (in liters per hour) of the ICS, V C represents the volume of distribution (in liters) of the central body compartment, and k 10 0CL/V C . Patient factors are incorporated into the model by allowing for variability in the model parameters between and within subjects.
COMPARTMENT MODEL

PLASMA CONCENTRATION TIME PROFILE CLOSED-FORM EXPRESSION
A closed-form expression for the plasma concentration time profile after ICS administration was judged as beneficial for time-efficient PK trial simulation. This expression was derived based on a system of differential equations (Eqs. 1-7) describing the fate of an ICS in the compartment model (Fig. 1) Central lungÀdissolution compartment :
Peripheral lungÀdissolution compartment :
Central lungÀabsorption compartment :
Central body compartment :
Peripheral body compartment :
where t represents the time (in hours), LC 1, LP 1 , LC 2, LP 2, A, X, and P represent the amount of drug at time point t in the dissolution compartment of the central lung, dissolution compartment of the peripheral lung, solution compartment of the central lung, solution compartment of the peripheral lung, GI absorption compartment, central body compartment, and peripheral body compartment, respectively. The firstorder rate constants k diss , k pul, C , k pul, P , k muc , k a , k 12 , k 21 , and k 10 were defined above. The assumption that the mucociliary clearance is a first-order process, which seems to be justified for healthy subjects or mild-asthmatic patients (16), was made for mathematical convenience. The system of differential equations was then solved using Laplace integration methods (17) . Details are given in the Appendix. Hence, a closed-form expression for the plasma concentration time profile (C t ) after administration of an ICS and thus the deterministic part of the PK trial simulation model is given by 
where all terms that were not introduced above are defined in the Appendix. , F P fraction of the lung dose that is deposited in peripheral regions of the lung (LP 1 ), LC 2 compartment representing central lung regions where the drug is dissolved, LP 2 compartment representing peripheral lung regions where the drug is dissolved, F BA oral bioavailability, k muc mucociliary clearance, k a drug absorption from the gut into the systemic absorption, k diss dissolution of drug particles, k pul,C drug absorption from central lung regions into the systemic circulation (central body compartment), k pul,P drug absorption from peripheral lung regions into the systemic circulation, k 12 and k 21 drug distribution between central and peripheral body compartments; k 10 drug elimination from the systemic circulation. All rate constants (k) were assumed to be first-order processes After log transformation, individual PK parameters (e.g., F Lung , CL, and V C ) were assumed to follow a multivariate normal distribution with population mean vector θ and variance-covariance matrix Ω where the elements of θ represent the typical values (population averages) and the diagonal element of Ω represents the BSV (in terms of variance) of the PK parameters. The off-diagonal elements of Ω, representing the covariance between the PK parameters, are zero. Hence, all individual PK parameters are independent of each other and follow a lognormal distribution.
An exponential error model was selected as residual error model.
where C(obs) ij and C(pred) ij represent the observed and predicted plasma concentration at the jth time point in the ith subject, respectively, and ε ij are assumed to be independent and identically distributed normal random variables with mean equal to zero and variance σ 2 .
DRUG-SPECIFIC MODULES-LITERATURE-BASED PARAMETER ESTIMATES
The ICSpkTS tool contains four specific modules for PK trial simulation after administration of the ICS BUD, FLU, FP, and TA. Estimates for the typical value parameters are given in Table I and are in accordance with a previously published deterministic PK model (18) (unless otherwise stated in Table I ). It should be noted that literature estimates for both the pulmonary dissolution and absorption processes were not available. Therefore, it was assumed that literature estimates of the "pulmonary absorption rate" rather represent the dissolution than the absorption process. This assumption that the dissolution process is the rate-limiting step seems reasonable given the lipophilic character of ICS and the fast pulmonary absorption of lipophilic substances (9, 10) . Furthermore, an educated guess of 0.5 for the fraction of the lung dose that is deposited in central lung regions (i.e., central to peripheral lung deposition (C/P) ratio equals 1) was used as a default value in all four modules. This C/P ratio is a common value within the estimates reported in the literature for some of the formulations/drugs that are included in the simulation tool. For some other formulations/drugs, however, literature estimates were not available. Furthermore, literature data on C/P ratios need to evaluate critically due to a lack of validated scintigraphy data (19) (see also Discussion). Therefore, a C/P ratio of 1 was used without further differentiation for all four drug-specific modules. Estimates for the BSV and WSV terms either varied across the literature or were not available. Hence, BSV estimates for all parameters and WSV were set to default values of 20% and 30% (expressed as coefficient of variation (CV)), respectively, in all four drug-specific modules. However, the users can adjust the BSV and WSV parameters and typical value parameters if desired.
PERFORMANCE CHECK OF THE DRUG-SPECIFIC MODULES OF PK TRIAL SIMULATION TOOL Methods
For all modules, the literature-based model parameters (Table I ) were used to generate 1,000 plasma concentration time profiles after inhalation of a single dose of 1,000, 500, 250, and 100 mcg BUD, FP, FLU, and TA, respectively.
For BUD and FP, these simulated plasma concentration time profiles were used to check the performance of the BUD and FP modules of the PK trial simulation tool by comparing the simulated data to PK data from four studies where healthy subjects received BUD and FP delivered via their respective dry powder inhalers (studies I (30), II (35), III describe PK of TA e The oral bioavailability of FP is <1% and negligible for the plasma concentration time profile f The dissolution rate constant (k diss ) for the FP module is based upon unpublished in vitro dissolution data and PK analysis of unpublished FP data g Literature estimates for F C (i.e. central vs. peripheral lung (C/P) deposition ratio) ratio for the different formulations are either not available or not applicable for the model (see Discussion). Thus, an educated guess of 0.5 (i.e., C/P deposition ratio of 1) was used as a default value for the modules (36) , and IV (37)). Individual plasma concentration time profiles were available for study I. For studies II-IV, only certain PK metrics (e.g., AUC 0−t , C max , and t max ) were available from the literature. Using the simulated plasma concentration time data, 90% prediction intervals were constructed by cutting off the lower and upper 5% of the simulated plasma concentrations per time point. For both, BUD and FP, the 90% prediction intervals were then visually compared with data from 14 healthy subjects that received a single dose of 1,000 mcg BUD and 500 mcg FP, respectively (study I). Moreover, typical PK metrics (i.e., AUC 0-inf , AUC 0 −t , C max , t max , and the terminal half-life) were calculated for the simulated data and compared with those of studies I-IV. AUC and C max values from studies II-IV were normalized to the simulated dose of 1,000 (BUD) and 500 mcg (FP) to match the administered dose of the simulated data and study I. For FLU and TA, where individual plasma concentration time data were not available, simulated (n01,000) AUC 0−inf , C max , and t max were compared with those (after dose adjustment) from literature (38) (39) (40) (41) (42) (43) (44) to check the performances of the FLU and TA modules.
Results
Figures 2 and 3 display the visual comparison of the simulated plasma concentrations (90% prediction intervals) to those of the 14 healthy subjects (study I) for BUD and FP, respectively. Comparison of the PK metrics of the simulated data to those of studies I-IV is given in Tables II and III for BUD and FP, respectively. For FLU and TA, the results of the performance checks are displayed in Table IV .
DISCUSSION
A freely available tool for simulation of PK trials for ICS has been developed as an extension package to the software R. In its current form, the model allows simulation of plasma concentration time profiles after administration of (1) two different hypothetical ICS and (2) two different formulations of four different ICS (BUD, FLU, FP, and TA) in a parallel study design. Two detailed examples about the functions and outputs of the ICSpkTS package are provided in the Appendix. Briefly, for all five modules (hypothetical ICS, BUD, FLU, FP, and TA), the user can specify certain PK model parameters (typical values, BSV, and WSV) for both drugs (ICS) or both formulations of either BUD, FLU, FP, and TA, the time points at which plasma samples are obtained, and the number of subjects. The ICSpkTS packages then simulates the outcome of a PK trial based upon the specified parameters values and returns 90% confidence intervals for geometric means ratio of the two drugs/ formulations for both AUC and C max and generates a plot displaying the average plasma concentration time profiles. Optionally, output tables containing, e.g., individual or average plasma concentration can be generated.
In the module for simulation of PK trials for hypothetical ICS, the users can specify all typical value parameters whereas certain typical value parameters (e.g., CL, V C , k 12 , k 21 , and k a ) are fixed to literature values in the drug-specific modules (BUD, FLU, FP, and TA) ( Table I) . Since literature estimates for most of the BSV and WSV parameters were either inconsistent or not available (e.g., distribution rate constants) BSV and WSV parameters were set to default values of 20% and 30% (CV), respectively, in all modules. These values represent reasonable estimates for some parameters (e.g., BSV for CL and volume of distribution is commonly between 20% and 30% (31)). The authors are aware that a BSV of 20-30% might not be representative for all model parameters. However, given the scarcity of reliable literature information on BSV and WSV, suggesting certain default values for those model parameters and giving the users the options to adjust them to their beliefs and needs seems appropriate.
Moreover, the module for hypothetical ICS of the ICSpkTS R extension package could be applied for simulation of PK trials of non-ICS by adjusting the model parameters to represent other inhaled drugs. Fig. 2 . Validation of BUD module of the ICSpkTS R extension package. Empty circles, observed plasma concentration after inhalation of a single dose of 1,000 mcg BUD (n014) (30) . Grey-shaded area, 90% prediction interval based upon simulated plasma concentrations after inhalation of a single dose of 1,000 mcg BUD (n01,000) using the BUD module of the ICSpkTS R extension package Fig. 3 . Validation of FP module of the ICSpkTS R extension package. Empty circles, observed plasma concentration after inhalation of a single dose of 500 mcg FP (n014) (30) . Grey-shaded area, 90% prediction interval based upon simulated plasma concentrations after inhalation of a single dose of 500 mcg FP (n01,000) using the FP module of the ICSpkTS R extension package
The PK trial simulation tool is based upon a compartmental model that is able to incorporate relevant physiological aspects of the lung (difference in absorption rate from central and peripheral lung regions and mucociliary removal of particles from central lung regions), physicochemical properties of the drug (dissolution rate and deposition characteristics, such as pulmonary deposition efficiency, central vs. peripheral deposition), and patient factors (reduction of mucociliary clearance rate constant or changes in deposition efficiency, see Hands-on Example 1: ICS). It must be emphasized that while the model can adjust for such factors, the underlying model is neither a physiologically based PK model nor does it directly link the deposition profile of the drug particles in the lung to its physicochemical properties (see below). The purpose of the model is to adequately reflect plasma concentration time profiles of ICS while allowing certain features of inhalation therapy (e.g., C/P ratio and mucociliary removal of undissolved drug particles in the central lung) to be considered. In addition, the variability between and within subjects of all PK parameters is considered. The PK trial simulation tool and the compartment model itself represent an extension of previously published inhalation models by Byron (14) , Gonda (45) 
In the current form of the PK trial simulation tool, the user needs to specify deposition characteristics such as the emitted dose, the pulmonary deposited dose, and the C/P ratio. The authors are aware that particle deposition in the lung could be modeled with higher resolution using analytical equations for particle deposition efficiencies and specific flow conditions or computational fluid and particle dynamics methods (46) . However, addition of such tools into the model would be of little benefit, as the purpose of the simulation tool is to model plasma and not regional lung concentration profiles after ICS administration. Since little is known about differences in the pulmonary absorption rates between different regions of the lung (other than some evidence pointing towards faster absorption from peripheral lung regions (9,10), which is already incorporated into the model), higher regional resolution for particle deposition exceeding central and peripheral regions, as generally provided by Comparison of PK metrics (mean (CV%)) from simulated data using the PK trial simulation tool and literature. Only data from healthy subjects were used from literature. AUC and C max data from literature were normalized to the simulated dose of 1,000 mcg n number of subjects a AUC 0−5 for simulated data and AUC 0−6 for literature data Comparison of PK metrics (mean (CV%)) from simulated data using the PK trial simulation tool and literature. Only data from healthy subjects were used from literature. AUC and C max data from literature were normalized to the simulated dose of 500 mcg n number of subjects a AUC 0−5 for simulated data and AUC 0−6 for literature data deposition models (46) would not affect the PK profile as the particles would still dissolve/be absorbed according to the same rate constants. Nonetheless, users could easily link these particle deposition models (46) with this PK trial simulation tool by translating the outputs of the deposition models into inputs of the simulation tool (i.e., fraction of the emitted dose that is deposited in the lung and the pulmonary fraction that is deposited in central or peripheral regions of the lung). Similarly, model parameters could be adjusted to include specific patient groups if known relationships between disease state and pulmonary deposition characteristics are known (36, 47) . Furthermore, suitable in vitro deposition models, such as cascade impaction (48) or systems able to assess the dissolution rate of inhalable drug fraction (49) might be used to predict in vivo lung deposition or dissolution behavior. Indeed, we incorporated in vitro dissolution rate constants into the FP model (as the dissolution rate for this but not the other ICS was slow enough to be measured with sufficient accuracy in the in vitro setting (unpublished data). However, it needs to be realized that in vitro/in vivo correlation between CI profiles and regional lung deposition, as well as in silico/in vivo correlations remain generally to be established. A more detailed in vitro-based prediction of particle deposition in the lung would definitely be incorporated in future extensions of the current version of the PK trial simulation tool, once validated models are available.
The module that allows PK trial simulation after administration of hypothetical ICS should be considered as the main tool of this extension package as it allows the users to specify all model parameters based upon their own data, beliefs, and/or needs (see above). Nonetheless, modules for four specific ICS (BUD, FLU, FP, and TA) were included in the simulation tool for convenience. For these modules, a set of default values for the model parameters is provided (Table I) . Whereas drug-related PK parameters (i.e., CL, V C , k 12 , and k 21 ) are fixed to literature values, the users can adjust formulation-related parameters (e.g., lung deposition parameters and dissolution rate constants). This enables the users, first, to explore the effect of different formulations or patient groups on the PK of a specific ICS and, second, to change the default values to values that would be supported by their data if needed. The default values for the typical value parameters of the drug-specific modules are based upon published literature data or unpublished experimental data (Table I) unless that for the C/P ratio and the pulmonary absorption rate constants. Even though literature data on the C/P ratio is available for ICS (23) (24) (25) (26) 39) , differences in the C/P ratio have been described for different formulations of a given drug and for different patient groups (19) . Because of the large variability in such estimates, the fact that no validated scintigraphy methods have been agreed on, and the lack of estimates for other ICS, an educated guess of 1 was used for the C/ P ratio of healthy volunteers. However, the users can easily adjust these default values (see above). In addition, only general estimates for differences in the absorption rate across pulmonary membranes have been described in the literature (9, 10) . For glucocorticoids, differences in the absorption rates for central and peripheral sections of the lung have only resulted in semi-quantitative estimates. Again, educated guesses resulted in the choices of 10 and 20 h −1 as pulmonary absorption rate constants for the central and peripheral regions of the lung, respectively. However, the user can change these defaults estimates if the properties of a specific drug require it.
To ensure that the model and the selected model parameters are valid, the predictive performance of the BUD, FLU, FP, and TA modules was checked by comparing simulated PK data and resulting metrics to those of actual studies.
The performances of the BUD and FP modules of the ICSpkTS R extension package were checked by comparing simulated data to PK data from four studies where healthy subjects received BUD and FP delivered via their respective dry powder inhalers (see above). For FP, the simulated plasma concentrations predict the outcomes of the studies I-IV adequately with respect to mean and variability of both the individual plasma concentration profiles (study I, Fig. 3 ) and the PK metrics (studies I-IV, Table III ). The model overestimated somewhat the variability in C max compared with that of study I (CV%-37.7 vs. 19.8), while the variability in C max for study III was underestimated (58.3 CV%). t max of the simulated data (0.89 h) is smaller than that of studies I, III, and IV (1-1.32 h). This might indicate that the selected dissolution rate constant (k diss ) of the FP module is slightly too large or that the literature-based compartmental micro-constants (k 12 and k 21 ) need adjustment (18) . The predicted AUCs are in very good agreement with the range of observed AUCs in the four FP studies (Table 3) , also indicating that the mucociliary clearance rate constant (which affects the AUC of slowly dissolving drugs) is reasonable.
For BUD, the overall predictive performance of the simulated data is not quite as good as that of FP but still Comparison of PK metrics from simulated data using the PK trial simulation tool (mean) and literature (range of means). AUC 0−inf and C max data from literature were normalized to the simulated dose of 250 and 100 mcg for FLU and TA, respectively satisfactory (Table II and Fig. 2 ). There was, however, a tendency of the simulation to slightly overestimate plasma concentrations of study I (the 90% prediction interval overestimated somewhat the observed plasma concentrations from study I; see Fig. 2 ). This is also reflected in the increased AUC 0-inf of the simulated data compared with that of study I (ratio of simulated vs. observed mean AUC 0-inf equals 1.67; Table II ). However, this was not an indicator for a poor predictive performance of the BUD module, as a much better agreement between the PK metrics of the simulated data and those of studies II-IV was observed (average ratio of simulated vs. observed mean AUCs equals 1.02; range, 0.75-1.31; Table II ). The simulated mean C max (1.39 ng/mL) was within the range of observed mean values (0.89-2.26 ng/ mL; Table II) , although some tendency to lower concentrations and later t max values (t max, simulated , 0.65 h (mean) and t max, observed , 0.21-0.5 h (range of means)) was observed. This difference in t max might suggest that the dissolution rate constant of the BUD module (k diss 017.8 h
) might be too small. 1 For most of the published BUD PK data after inhalation, however, the dissolution/absorption rate is difficult to determine since the peak concentrations occur very early (often at the time point where the first plasma sample was obtained). Similarly, it is almost impossible to correctly estimate dissolution rates in vitro for such fast dissolving drugs.
The predictive performances of both the FLU and TA modules were both satisfactory as the simulated mean AUC 0-inf , C max , and t max were in good agreement with those of the published data (Table IV) . In particular, the means of simulated PK metrics were within the range of the means of the literature data with exception of t max of the FLU module.
In summary, the predictive performances of all modules were satisfactory, in particular when considering that model parameters are either based upon different sources of literature data, in vitro data, or educated guesses (see Table I for more details). The slight differences between the predicted and observed C max and t max (see above) is very likely due to the uncertainty that is involved when estimating the pulmonary dissolution rates of the ICS, especially when this process is very fast, such as observed for BUD and FLU. All modules, including those for BUD and FP, explicitly allow the users to adjust the pulmonary dissolution rates as well as other deposition parameters to their own beliefs. Hence, parameters established by the user can be easily incorporated. Furthermore, the general module of this PK trial simulation package, in which the users can change all model parameters, has been provided to allow the highest degree of flexibility. Overall, the drug-specific modules of the ICSpkTS package should be considered as tools for simulating PK trials for specific ICS without having to perform literature research on the input parameters that also allow adjustment of the model parameters if needed.
The ICSpkTS package allows the user to examine the effect of certain physiological, formulation, and patientrelated factors on the systemic PKs of ICS while incorporating variability between and within subjects. For instance, the PK trial simulation tool could be used to compare two identical formulations in different patient populations by altering the model parameters that are related to lung anatomy and physiology (i.e., C/P ratio and the mucociliary clearance rate constant). Furthermore, the PK trial simulation tool could be applied to compare the PK behavior of two different formulations of the same ICS that differ in their dissolution rates and/or aerodynamic particle size distribution (central-to-peripheral airways) and to explore the effect of these differences on the AUC and C max . In the Appendix, these two possible applications of the ICSpkTS package are used as hands-on examples to explain how to use the different modules of the PK trial simulation tool.
Introductory videos showing how to download and install R, how to install the ICSpkTS R extension package, and how to operate the ICSpkTS package can be downloaded via http://www.cop.ufl.edu/pc/research/areas-of-research/inhaledglucocorticoids/icspkts-r-extension/.
The ICSpkTS could be further extended to allow for simulation of more complicated study designs (e.g., cross-over designs) or could be used as a basis for a PK/pharmacodynamics (PD) model by linking the plasma concentrations to the suppression of the endogenous cortisol release (50) . Moreover, Eqs. 12 and 13 could be used for predicting the pulmonary drug concentrations after ICS administration that could then be linked to a PD model of a pulmonary biomarker. Such a pulmonary PKPD model could be useful for evaluating the effect of different ICS or different formulations of the same ICS on their pulmonary efficacy.
CONCLUSIONS
A freely available tool for PK clinical trial simulation after ICS administration was provided as an extension package (ICSpkTS) to the software R based upon a compartment model that describes the fate of an ICS after inhalation. In its current form, the ICSpkTS package is a valuable tool for exploring the effect of changes in model parameters, which could represent physiological, formulation, and patient-related factors on PK behavior of ICS while taking variability between and within subjects into account.
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APPENDIX
Laplace transformation (17) of Eqs. 1-7 and rearrangements yields
where s represents the Laplace operator, F BA was defined above, and LC 1,0 , LP 1,0 , and A 0 denote the initial amount of drug in the dissolution compartments of the central and peripheral lung, and the GI absorption compartment, respectively. Particularly,
where Dose is the by-the-inhaler-emitted dose, F Lung is the fraction of the emitted dose that is deposited in the lung, and F C is the fraction of the lung dose that is deposited in central lung regions. Substitution of Eq. 10-14 and Eq. 16 into Eq. 15 and defining α*β0k 10 *k 21 and α+β0k 10 +k 12 +k 21 yields
where
Anti Laplace transformation (17) of Eq. 20 yields
where 
and
ICSPKTS R EXTENSION PACKAGE-HANDS-ON EXAMPLES
The structure and functions of the ICSpkTS extension package are briefly explained in form of two hands-on examples. In the first example, the ICS module of the ICSpkTS package is introduced by a case study comparing the AUC and C max in healthy subjects and asthmatic patients. In the second example, the effect of having two FP formulations that differ in their pulmonary dissolution rate constant on the PK behavior is used to explain the FP module. Further details and functions of the ICSpkTS package can be found in the official documentation (available via http://www.cop.ufl.edu/pc/research/areas-of-research/ inhaled-glucocorticoids/icspkts-r-extension/) and/or by accessing the official R help files.
HANDS-ON EXAMPLE 1: ICS
Running the following code in R will simulate a PK trial when 500 mcg of an hypothetical ICS are administered to 25 subjects per treatment group (healthy subjects (situation A) vs. asthmatic patients (situation B)) and plasma samples are obtained at 0.17, 0.33, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 , and 24 h after administration. The asthmatic patients are modeled by increasing the fraction of drug that is deposited in the central regions of the lung and by lowering the mucociliary clearance rate constant. The following output displaying the AUC and C max for both healthy subjects and asthmatic patients and 90% confidence intervals of the geometric means ratios (healthy/asthmatic) for both AUC and C max is generated by the ICSpkTS package.
Simulation Furthermore, a graph showing the average plasma concentration time profiles for both healthy subjects and asthmatic patients is created (Fig. 4) .
HANDS-ON EXAMPLE 2: FP
Running the following code in R will simulate a PK trial when 500 mcg FP are administered to 35 subjects per formulation group (formulation A and B differ in their dissolution rate constants, B dissolves 3-fold faster) and plasma samples are obtained at 0. 17, 0.33, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12 The following output displaying the AUC and C max for both formulations and 90% confidence intervals of the geometric means ratios (A/B) for both AUC and C max is generated by the ICSpkTS package. Cmax-90% Confidence Interval (Geometric Mean Ratio): [1] 0.45 0.60 Moreover, a graph showing the average plasma concentration time profiles for both formulations is generated (Fig. 5) . 
